We performed a micromagnetic investigation of current-induced magnetization switching in perpendicular magnetic tunnel junctions with polarization-enhancement layers. The pinned layer with a polarization-enhancement layer can be excited and eventually reverses at a current density lower than the value theoretically expected from that without a polarization-enhancement layer. The reversal results in continuous flip-flops of magnetizations as long as the current is applied. The flip-flop occurs at only one current polarity, caused by the precession amplification in polarization-enhancement layer. In order to prevent the unwanted flip-flop, the perpendicular anisotropy of the pinned layer must be severalfold larger than that of the free layer. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.3046729͔ Current-induced magnetic excitation has attracted great interests since Slonczewski 1 and Berger 2 theoretically predicted that the spin-polarized current flowing through the magnetic multilayer will exert torque on a nanomagnet. Now the current-induced magnetization switching is believed to be a promising candidate for the write scheme of the next generation of magnetic random access memory ͑MRAM͒. As the size of the magnetic cell reduces to achieve a higher density of MRAM, it becomes harder to retain the thermal stability by utilizing the shape anisotropy of the conventional soft magnetic layer. The current-induced magnetization switching in MRAM with layers of the perpendicular crystalline anisotropy has been recently studied 3-6 since the perpendicular anisotropy can yield a sufficient thermal stability compensating for the volume reduction of magnetic cell.
Current-induced magnetic excitation has attracted great interests since Slonczewski 1 and Berger 2 theoretically predicted that the spin-polarized current flowing through the magnetic multilayer will exert torque on a nanomagnet. Now the current-induced magnetization switching is believed to be a promising candidate for the write scheme of the next generation of magnetic random access memory ͑MRAM͒. As the size of the magnetic cell reduces to achieve a higher density of MRAM, it becomes harder to retain the thermal stability by utilizing the shape anisotropy of the conventional soft magnetic layer. The current-induced magnetization switching in MRAM with layers of the perpendicular crystalline anisotropy has been recently studied [3] [4] [5] [6] since the perpendicular anisotropy can yield a sufficient thermal stability compensating for the volume reduction of magnetic cell.
In MRAM, the magnetic tunnel junction ͑MTJ͒ with high magnetoresistance ͑MR͒ ratio is an essential ingredient. 7 Such high MR ratio can be achieved by coherent tunneling at the interface between Fe alloy and MgO. 8 Therefore, the MTJs with perpendicular anisotropy generally have soft magnetic polarization-enhancement layers inserted between the magnetic layers with perpendicular anisotropy and MgO layers. 6 Although the micromagnetic simulation is being widely used to interpret and model spin torque experiments, [9] [10] [11] [12] no micromagnetic study on the perpendicular MRAM with polarization-enhancement layers has been reported yet. In this work, we performed a micromagnetic investigation of the current-induced magnetization switching in the MTJ with the layer structure of the composite pinned layer ͓pinned layer ͑20 nm͉͒bottom polarization-enhancement layer ͑1 nm͔͉͒MgO ͑1 nm͉͒ composite free layer ͓top polarization-enhancement layer ͑1 nm͉͒free layer ͑6 nm͔͒. Both pinned and free layers have perpendicular anisotropies. We found that after switching of the composite free layer, the composite pinned layer is excited and eventually reverses. Then, the composite free layer switches back. Consequently, the composite pinned and free layers reverse alternately, and this flip-flop of magnetizations continues as long as the current is applied. Since the composite pinned layer is much thicker than the composite free layer, it is not supposed to be excited at around the switching current density of the composite free layer. 13 However, the flip-flop of magnetizations occurs at a much lower current density than that expected from the thickness difference. We found that this flip-flop can be prevented by enhancing the stability of the pinned layer much higher than the free layer, such as by a severalfold increase of the perpendicular anisotropy.
The spin-polarized current generates spin torque on magnetizations in two different manners. First, the Slonczewski spin torque ͑ST 1 ͒ operates on the magnetizations in the polarization-enhancement layers adjacent to the MgO layer. In addition, another kind of spin torque ͑ST 2 ͒ also works on the possible nonuniform magnetization along the thickness direction due to the large difference in the magnetic anisotropy between the polarization-enhancement layers and the layers with perpendicular anisotropy, which induces the domain wall motion. [14] [15] [16] Hence, for the micromagnetic simulation, we solved the Landau-Lifshitz-Gilbert equation, taking into account two types of spin torque simultaneously,
where m is the unit vector of magnetization, ␥ 0 is the gyromagnetic ratio, ␣ is the Gilbert damping constant ͑=0.02͒, M s is the saturation magnetization, d is the thickness of the layer that experiences ST 1 , B is the Bohr magneton, and J e is the current density. The spin polarizations P 1 and P 2 are assumed to be 0.6 and 0.7, respectively. The unit vector of spin polarization p in Eq. ͑2͒ is the direction of magnetizaa͒ Authors to whom correspondence should be addressed. Electronic addresses: tdlee@kaist.ac.kr and kj_lee@korea.ac.kr.
tion of the polarization-enhancement layer on the other side of the MgO layer. Although it was experimentally confirmed that the effective field in ST 1 can be sizable in the MTJ, [17] [18] [19] [20] we assumed no effective field in ST 1 to get the first idea. The magnitude of effective field in ST 2 , which is generally denoted as the ␤-term, is still under debate, [14] [15] [16] and thus we also assumed no effective field term in ST 2 .
The cylindrical MTJ with a diameter of 40 nm is discretized into the unit cells of 2 ϫ 2 ϫ 1 nm 3 . The pinned layer and the free layer have a perpendicular crystalline anisotropy of 2.0ϫ 10 6 erg/ cm 3 and M s of 400 emu/ cm 3 . The polarization-enhancement layers have zero crystalline anisotropy and M s of 600 emu/ cm 3 . Temperature was assumed to be zero. The exchange constant ͑A ex ͒ within homogeneous materials is 1.3ϫ 10 −6 erg/ cm, and the interlayer exchange constant between the polarization-enhancement layers and the pinned layer or free layer is assumed to be 40% of A ex . We have tested different interlayer exchange constants in the range between 10% and 80% and have found that it does not alter the main conclusion of this work.
An electric current with a 10 ns pulse width was applied along the z-axis to switch the composite free layer from a parallel ͑P͒ to an antiparallel ͑AP͒ state to the composite pinned layer, and vice versa. The first switching time of the free layer ͑t sw F ͒ is summarized in Fig. 1͑a͒ . J e of 3 ϫ 10 7 ͑4 ϫ 10 7 ͒ A / cm 2 was needed to switch the composite free layer from AP ͑P͒ to P ͑AP͒ within the time shorter than 10 ns. For the same J e , t sw F of P-to-AP switching is longer than that of AP-to-P switching. It is because the stray field from the composite pinned layer assists AP-to-P switching but disturbs P-to-AP switching.
For the AP-to-P switching of the composite free layer, magnetizations are stabilized after switching. A remarkable difference was observed when the current polarity is reversed. For the P-to-AP switching of the composite free layer, magnetizations in the composite pinned layer are excited after the first switching of the composite free layer and eventually reverse when J e is larger than 4 ϫ 10 7 A / cm 2 . Since the direction of spin torque exerted on the composite free layer is decided by the direction of magnetization in the composite pinned layer, the composite free layer switches back after the reversal of the composite pinned layer. It results in the continuous flip-flop of magnetizations in the MTJ, as shown in Fig. 1͑b͒ . It should be noted that this flip-flop is not thermally activated telegraph noise 21 since it is not random, and all calculations were performed at the zero temperature.
Even in the MTJ without polarization-enhancement layers, this kind of flip-flop can occur when J e is high enough to excite the pinned layer, i.e., J e Ͼ 1 ϫ 10 8 A / cm 2 in our tested structure. In the MTJ with polarization-enhancement layers, however, the flip-flop was observed at a much lower J e than that expected from the fact that the composite pinned layer is three times thicker than the composite free layer, indicating that the flip-flop has a dynamic origin. This flip-flop at a low J e is attributed to the polarization-enhancement layer that does not have perpendicular anisotropy and thus is much more susceptible to excitation. Since the pinned layer is exchange coupled with the bottom polarization-enhancement layer, it is also excited into the precession mode and reverses consequently. We tested the case of the same condition except for the absence of the bottom polarization-enhancement layer and found that the pinned layer was not excited, indicating that the bottom polarization-enhancement layer is responsible for the continuous flip-flop.
It is worth noting that the flip-flop at a low J e occurs only when the initial magnetic configuration is a P state and the electron flows from the composite free layer to the composite pinned layer ͑i.e., positive current͒. In other words, the composite pinned layer at the AP state is excited by the positive current, whereas the composite pinned layer at the P state is not excited by the negative current. We attribute this asymmetry to ST 2 that operates between the bottom polarization-enhancement layer and the pinned layer. At a positive current, ST 2 transfers the precession motion of the bottom polarization-enhancement layer to the pinned layer, so that it assists the excitation of the pinned layer. On the contrary, at a negative current, it transfers the perpendicular magnetization in the pinned layer to the bottom polarizationenhancement layer, so that it disturbs the precession motion of the bottom polarization-enhancement layer. This point can be clarified by estimating the first switching time of the pinned layer, t sw P , which is defined as the time elapsed from the composite free layer switching, as indicated in Fig. 1͑b͒ . At a positive current, t sw F and t sw P were obtained for various values of P 2 , which decides the magnitude of ST 2 , and were summarized in Fig. 2͑a͒ . t sw P decreases as P 2 increases, which indicates that ST 2 surely assists the composite pinned layer reversal. On the other hand, ST 2 at a positive current disturbs the composite free layer reversal because the electron flows from the free layer to the top polarization-enhancement layer. Thus t sw F increases as P 2 increases, in contrast to t sw P . At a negative current, we could not observe the continuous flip-flop. When the negative current is sufficiently high, the composite pinned layer is excited but does not reverse. In this situation, the precession of the bottom polarizationenhancement layer becomes complicated and is not in-phase with the magnetization in the pinned layer, as shown in Fig.  2͑b͒ , so that the precession of the pinned layer is not amplified to be reversed. In contrast, at a positive current, the precessions of the bottom polarization-enhancement layer and the pinned layer are well coupled, and both are mutually amplified ͓Fig. 2͑c͔͒. Abrupt change in oscillation period in Fig. 2͑c͒ indicates the reversal of magnetization. The continuous flip-flop can cause incomplete switching and thus the writing error in the perpendicular MRAM. A possible way to prevent the continuous flip-flop is to introduce a larger perpendicular anisotropy in the pinned layer than in the free layer. We found that two times larger perpendicular anisotropy in the pinned layer is enough to keep the composite pinned layer stable when J e is 4.0ϫ 10 7 A / cm 2 . However, the increase in perpendicular anisotropy required to prevent the flip-flop is not linearly dependent on the applied J e . For instance, when we increase J e to 6.0 ϫ 10 7 A / cm 2 , the perpendicular anisotropy of the pinned layer has to be five times larger than that of the free layer. Furthermore, we found that ten times larger perpendicular anisotropy could not prevent the flip-flop at J e = 8.0 ϫ 10 7 A / cm 2 . This nonlinear dependence of the needed perpendicular anisotropy on the J e again proves that the flip-flop originates from a dynamic origin but cannot be explained in the framework of the conventional theory of current-induced magnetization switching.
In summary, we found that the applied J e around the switching J e of the free layer can excite the pinned layer and consequently induce the flip-flop in the MTJ with perpendicular anisotropy and soft magnetic polarizationenhancement layers. The magnetizations in the bottom polarization-enhancement layer without perpendicular anisotropy are easily excited into precession. Since the magnetizations of the bottom polarization-enhancement layer and the pinned layer are exchange coupled, the magnetizations in the pinned layer are also excited. The flip-flop occurs by the current in one polarity but does not occur by the other polarity due to the effect of ST 2 on the magnetization in the bottom polarization-enhancement layer. We found that the perpendicular anisotropy of the pinned layer must be a few times larger than the free layer for the current-induced magnetization switching free from the unwanted flip-flop. 
FIG. 2. ͑a͒
The first switching time of the free layer magnetization ͑t sw F ͒ and the pinned layer magnetization ͑t sw P ͒ as a function of P 2 when J e = 6.0 ϫ 10 7 A / cm 2 . The lines are for guide to the eye. The variation in the inplane component of the magnetization in the bottom polarizationenhancement layer ͑PEL͒ and the pinned layer as a function of time ͑b͒ when the negative current whose density is 1.2ϫ 10 8 A / cm 2 is applied to the MTJ at the antiparallel state and ͑c͒ when the positive current of 6 ϫ 10 7 A / cm 2 is applied to the MTJ at the parallel state. In ͑b͒ and ͑c͒, the lines are vertically offset for distinction, and the dashed horizontal lines indicate zero for each solid lines.
